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Abstract: Abundant evidence has shown the emergence of dramatic new chemical 
phenomena under pressure, including the formation of unexpected crystal structures 
and completely new counterintuitive compounds. In many cases, there is no 
convincing explanation for these phenomena and there are virtually no chemical rules 
or models capable of predicting or even rationalizing these phenomena. Here we 
consider two central chemical properties of atoms, electronegativity and chemical 
hardness, and determine them as a function of pressure up to 500 GPa. For elements 
without orbital transfer at high pressure, electronegativity first increases and then 
decreases, while chemical hardness monotonically decreases as pressure increases. 
For some active metals, the chemical hardness has a further increase at pressures of 
the order of tens-hundreds of gigapascals. Furthermore, we discover that orbital 
transfer, in particular s-d transfer, makes Ni a “pseudo-noble-gas”, Fe and Co strong 
electron acceptors, while Cu and Zn become active metals. We show the explicative 
and predictive power of our electronegativity and chemical hardness scales under 
pressure.  
I. Introduction 
Recent theoretical and experimental investigations found that pressure greatly affects 
chemical properties of the elements. For example, pressure increases the reactivity of 
xenon and its oxides become thermodynamically stable at moderate and 
experimentally reachable pressure (> 83 GPa)1. Caesium becomes a p-block element 
and the formation of CsFn (n > 1) compounds was predicted2,3. Sodium becomes an 
extremely electropositive element and forms a very stable compound Na2He with the 
normally inert element He at pressures above ~120 GPa4. Furthermore, under pressure, 
unexpected sodium chlorides, such as Na3Cl and NaCl3, become stable5. 
To put these cases of dramatic changes of chemistry into a general and predictive 
system, the simplest approach is to determine how the essential chemical properties of 
the atoms change under pressure. The most important properties are (1) electronic 
configuration, (2) size, and (3) electronegativity and chemical hardness. For (1), it is 
well known that under pressure the orbitals with higher angular momentum become 
favorable – hence, atoms typically undergo s-p and s-d transitions. For (2), atomic 
sizes (volumes) decrease and can be easily tabulated, under pressure. As to (3), 
electronegativity and chemical hardness can be expected to be highly non-trivial and 
there is no knowledge on how they respond to pressure. 
 
II. Approach and theoretical analysis 
Ionization potential and electron affinity are atomic properties of paramount 
importance. Ionization potential Ei is defined as the energy of reaction A A e   
and the electron affinity Ea is minus the energy of reaction A e A  . 
Following Pearson6, we expand the atomic energy E in powers of the charge N. In 
the second-order approximation we have 2( )E N a bN cN   . Its first derivative, 
which can be thought of as a chemical potential, equals to minus Mulliken 
electronegativity, 
0N
dE dN      . This electronegativity quantifies the ability 
of an atom to attract electrons. The second derivative is the chemical hardness as 
2 21
2 0N
c d E dN   , which describes the resistance of an atom to a change of its 
electronic state. The ionization potential (1) (0)iE E E   and the electron affinity 
(0) ( 1)aE E E   , where E(0), E(1) and E(1) indicate the atomic energy with 0, +1 
and 1 charges, respectively. Then the electronegativity  and the chemical hardness 
 follow 
    ( ) / 2  and  / 2i a i aE E E E     .                           (1) 
With Koopmans’ theorem7, one finds that the chemical potential is the midpoint 
between Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied 
Molecular Orbital (LUMO), and the chemical hardness equals to a half of the gap 
between them. 
At zero pressure, an electron added to a neutral atom feels only a modest nuclear 
attraction, so Ea is much lower than Ei - therefore, electronegativity and chemical 
hardness have similar trends: usually active metals have low electronegativity and low 
chemical hardness. Active non-metals have high electronegativity and high chemical 
hardness. Noble gases are somewhat anomalous because of practically zero Ea and 
very high Ei. 
To discuss physical reasons behind the change of chemical properties of the 
atoms with pressure, we have to consider the response of atoms to pressure. 
Obviously, pressure does not change nuclear charges and numbers of the electrons, 
but it affects the spatial distribution of the electrons through the change of atomic 
volume V. We should consider not only the shrinking of the wave function and its 
effects on the kinetic and potential energy, but also use enthalpy H = E + PV (rather 
than energy E) as the relevant thermodynamic potential. As it follows from the 
Heisenberg uncertainty principle, the one-electron kinetic and potential energies are 
proportional to 2 / 3V 
 
and 1/ 3V  , respectively. So we can write 2 / 3 1/ 3E V V     
and 
       
2 / 3 1/ 3H V V PV     ,                        (2) 
where α, β > 0. More specifically, α is roughly related to the number of radial nodes of 
each wave function8 and  to the effective nuclear charge. 
In equilibrium 0dH dV  , so 2 / 3 1/ 32 13 3PV V V    . We have 
          
2 / 3 1 / 35 4
3 3H V V    .                          (3) 
If P = 0, 2/3 1/30 0
2 1 0
3 3
V V    , where V0 is the atomic volume at zero pressure. 
Then   30 2V    . When P > 0, V < V0 and one can conclude that as pressure 
increases, kinetic energy 2 / 3V  , the PV term, and the enthalpy H increase. Only 
electrostatic potential 1/ 3V   decreases, which means more electron-nuclear 
attraction under pressures. 
When P  , we have 0V 
 
and
 
2 / 35
3H V  , which mean that when the 
pressure is sufficiently high, electrons behave as the electron gas. Since β is related to 
the effective nuclear charge (which increases rapidly with electron removal), 
metallization can be expected to happen progressively from valence electrons to inner 
electrons, shell by shell. In the extreme situation of all electrons in the free-electron 
state, the inter-nuclear distance will be much smaller than the electronic de Broglie 
wavelength, implying that the electrons cannot feel nuclear attraction. Under this limit, 
there will be no periodic law, no chemistry, but only physics of free electron gas, and 
this is what happens in white dwarfs (pressure of order 1022 Pa). 
Since α is related to the number of radial nodes and β is related to the effective 
nuclear charge, relative energies of different orbitals will change with pressure, 
implying a change in the chemical character of the elements. To reveal how the 
chemical properties of the elements change with pressure, we have to consider many 
complex factors, such as the Pauli exclusion and electron correlation. To include all 
these factors in a reasonable though approximate way, we have to put the atoms in a 
realistic high-pressure environment and calculate their enthalpies numerically. 
To get the actual enthalpies at high pressure, we use a method named “He matrix 
method” 9, which assumes that the electron affinity of He is zero and He atoms are 
absolutely inert. We use a sufficiently large (3×3×3) supercell of the perfect He fcc 
structure relaxed at specific pressures. In that supercell, we replace one atom of He by 
one atom of the element of interest and give that atom a charge 0, 1 or +1, and relax 
the structure. 
Before discussing the results, we make four comments: 
1. It is advisable to use monopole and quadrupole corrections10 for periodic 
charged systems are introduced to guarantee the convergence with respect to the 
supercell size. 
2. At non-zero pressures, volume of free electrons is important, as it makes an 
important contribution to the ionization enthalpy and electron affinity enthalpy. In the 
He matrix method, we can use the He affinity enthalpy instead of free electron 
enthalpy, i.e. we inject the extra electron into the He matrix. This treatment is correct 
if the He electron affinity is zero. 
3. Whenever not stated explicitly otherwise, the data in this paper is calculated 
with spin polarization. In the most cases, the differences are modest (Fig. S1). The 
largest difference is for the increase of the chemical hardness upon inclusion of spin 
polarization for elements with half-filled shells, such as nitrogen (p3). Also, for a few 
d-block elements, spin polarization introduces some changes. 
4. Here we explore pressures up to 500 GPa and we do not consider f-block 
elements, although our approach can be readily applied to any element under any 
pressure. 
Compared with experimental data11, the errors in our results for Ei and Ea at zero 
pressure are small (Fig. S3a and b), and for most elements they are smaller than 0.5 
eV which mostly come from errors of the electronic structure method (here we use 
DFT-GGA, see Methods). An additional source of minor errors is that in some 
extreme cases, the He matrix cannot insulate the charges completely. Particularly, for 
some elements with nearly zero electron affinity, such as alkali metals or noble gases, 
when calculating the affinity enthalpy, the additional electron, added to the neutral 
atom, prefers to delocalize over the He matrix. Similar situation is also for some 
elements with extremely high ionization enthalpy, such as F and He, which approach 
or exceed the ionization of the He matrix to delocalize the positive charge over the He 
matrix. So for a few elements, the computed affinity enthalpy is overestimated or their 
ionization enthalpy is underestimated. However, as these elements still have different 
abilities to attract the electron, we do obtain different values, correctly representing 
the trends and qualitatively meaningful. 
 
III. Results 
From the general thermodynamic relation d(ΔH)/dP = ΔV, it follows that 
whether the enthalpy increases or decreases, depends on the sign of the volume 
difference ΔV. We can naturally define the affinity volume Va and the ionization 
volume Vi, induced by attracting or losing one electron. 
The trend of electronegativity depends on whether the average one-electron 
volume of affinity and ionization volume ( )/2i aV V V  , is larger or smaller than the 
volume Vfe of the free electron. At zero pressure, the free electron has the larger 
volume as Vfe > V . At high pressure, encountering no repulsion from other electrons, 
the free electron gas is easy to compress, and at sufficiently high pressure there will 
be Vfe < V. So for the electronegativity, one expects an initial rise, followed by a 
decrease. The pressure at which the maximum is achieved (below 20 GPa for most 
elements) depends on the ability of the atom to attract an electron, i.e. on its 
electronegativity. For Na, this pressure is below 10 GPa, and for F it is ~100 GPa.  
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Fig. 1. The electronegativity (a) and chemical hardness (b) as a function of pressure. 
For the chemical hardness, the pressure derivative equals half of the difference 
between ionization and affinity volumes, ( )/2a iV V . We also find that usually Va < 
Vi, so for most elements hardness decreases with pressure, except some elements with 
low electron affinity. 
Thus we can distinguish two (for some elements three) pressure regimes for the 
electronegativity and hardness (Fig. 1): 
(1) Nuclear attraction range, mainly caused by the increase of nuclear attraction, 
spanning pressures up to ~20 GPa and characterized by increasing electronegativity. 
External pressure forces electrons to be closer to the atoms, so for the most elements, 
a 
b 
the electronegativity at 50 GPa is higher than that at 0 GPa (Fig. S2). At the same time, 
chemical hardness of the most main-group elements decreases. Some elements with 
zero electron affinity, such as noble gases and alkali earth metals are exceptions, here 
the chemical hardness increases due to a constant affinity of zero and increasing 
ionization enthalpy.  
(2) Kinetic range, mainly caused by the increase of the electronic kinetic energy 
in Eq. (3). For most elements, this range begins at pressures lower than 20 GPa (the 
biggest exception is F, for which this regime starts at around 100 GPa). In this range, 
both the electronegativity and the chemical hardness decrease, which means that the 
valence electrons become more delocalized, as a direct consequence of the kinetic 
energy increase. Since the chemical hardness can be considered as the HOMO-LUMO 
gap, the decrease of the hardness is an expression of tendency to metallization under 
pressure.  
(3) Core electron range. For a few active metals, such as Li, Na and Mg, there is 
a third range. Within this range, their chemical hardness increases, which opposes the 
tendency to metallization. This anti-metallization effect comes from the repulsion felt 
by valence electrons from the core electrons, thus we call it the core electron range. In 
this case the ionization volume is larger than the affinity volume, and the hardness 
increases with pressure. This increase comes from the action of Pauli exclusion and 
electrostatic repulsion, preventing overlap between valence and core electrons. A 
consequence of this phenomenon is interstitial electronic localization in the 
high-pressure forms of these elements12,13 and compounds14. In our calculation, the 
minima of hardness occur in Li, Na and Mg at 60, 80 and 340 GPa, respectively. At 
these pressures, the core electrons begin to play an important role as pressure 
increases, they eventually lead to the formation of non-metallic or poorly metallic 
electride states. 
If we consider pressures beyond 500 GPa, most elements (except coreless H and 
He) will display the core electron range. We can expect that for an atom with several 
electronic shells, there will be a cyclic alternation of several ranges of increase and 
decrease of the chemical hardness. 
The above discussion implicitly assumed a constant electronic configuration. 
However, based on Eq. (3), the different orbitals respond differently to pressure. Since 
α is related to the number of radial nodes of the wave function, occupation of orbitals 
with higher angular momentum (i.e. smaller number of radial nodes) will lower the 
enthalpy at sufficiently high pressures. For example, nd orbitals with n  3 nodes will 
eventually become more favorable than (n+1)s orbitals with n nodes. Thus, it is a 
general rule that orbital energies and occupancies are rearranged at high pressure. Let 
us discuss some consequences of this.  
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Fig. 2 Electronegativity and chemical hardness as a function of nuclear charge at 50, 100, 200 
and 500 GPa. 
(1) For light alkali and alkali earth metals in 2nd and 3rd period elements, s-p 
interactions are essential. At low pressures, alkali earths have relatively high hardness 
due to s2 shell and an energy gap between s and p orbitals. However, as pressure 
increases, the gap closes because the energy of np orbitals with n-2 radial nodes 
increases slower than that of ns orbitals with n  1 nodes. As a consequence, the 
hardness of alkali earth metals decreases rapidly with pressure, and at 500 GPa, the 
hardness of Be and Mg approaches that of Li and Na, respectively. As a consequence 
of similar energies of s and p orbitals, compressed Li is able to adopt sp3 hybridization 
and the diamond structure15-17.  
(2) For long-period elements, in particular IA and IIA groups as well as some 
subgroup elements, such as K and Ni, there is clear s-d orbital transfer, shown by both 
theory and experiment8,12,18-21. At zero pressure, (n +1)s electrons have lower energy 
than nd obitals. However, their kinetic energy increases faster with pressure, and 
eventually electrons will prefer to occupy the nd orbitals rather than (n+1)s.  
As shown in Fig. 2, Table S1 and S2, the Periodic Law is overall fulfilled even 
under high pressure, but the long-period blocks are rearranged due to the s-d transfer. 
Beginning with K, IA–VIIIB groups become d-block, while the sd-block elements, IB 
and IIB groups, behave like alkali and alkali earth metals under pressure. In the new 
d-block, since d-electrons are more localized than s-electrons, the compressed IA and 
IIA group elements become less reactive than zero pressure. Because of the widening 
gap between nd and (n + 1)s orbitals, the Ni-group elements will behave somewhat 
like noble gases with low affinity and high chemical hardness at 500 GPa. In 
particular, Pd has a higher chemical hardness (5.46 eV) than Xe (5.43 eV). Fe- and 
Co-group elements, one or two electrons short of the Ni-configuration, will have high 
electronegativity: Fe will have the electronegativity of 4.05 eV comparable to Te (4.24 
eV), while Rh will have a larger electronegativity (6.99 eV) than I (6.16 eV). Thus Fe- 
and Co-group elements will acquire features of anion-forming elements at high 
pressure (This could have explained the unusual recent results that showed charge 
transfer from Xe to Fe in a high-pressure Xe-Fe alloy22, but Xe remains more 
electronegative than Fe, and electronic structure of the alloy gives hints of the 
opposite direction of charge transfer). Similarly, Cu- and Zn-group elements, which 
have one or two electrons on top of the Ni-configuration, will become strong electron 
donors with increased reactivity: for example, Cu will have a lower electronegativity 
(1.20 eV) than K (1.52 eV) at 500 GPa. To sum up, at high pressure, the Ni-group 
atoms acquire a nearly closed-shell state, while Fe- and Co-group atoms will become 
stronger acceptors and Cu- and Zn-group elements–stronger donors of the electrons 
than at normal conditions. 
(3) As a result of the tendencies mentioned above, under pressure the most 
electropositive element is Na and the most electronegative one is F. It is interesting to 
note that, contrary to common thinking that metals are the best donors of the electrons 
and non-metals tend to be electron acceptors, high-pressure elemental Na is an 
insulating electride and one of the strongest reducing agents, i.e. an electron donor 
(much stronger than metallic Na at normal pressure)23. As a consequence of this 
increased reactivity of Na, it is able to form a very stable compound even with He, 
Na2He4. 
The complex interplay of the electronegativity and chemical hardness under 
pressure gives rise to additional phenomena. The electronegativity and chemical 
hardness will have very different values and trends at high pressure. As a result, two 
new kinds of compounds appear. One class of compounds is formed because 
electronegativity change creates a new mechanism of charge transfer. The decrease of 
the chemical hardness implies increasing ease of formation of new multicenter 
covalent or metallic bonds – as happens in the exotic Na-Cl compounds5.  
Our electronegativity and chemical hardness scales can be used for predicting 
many phenomena, such as formation of new chemical compounds under pressure. 
Indeed, electronegativity difference adds an extra bond stabilization24, and Miedema’s 
model25 of stability of intermetallides include it as a central ingredient. Let us take the 
instructive example of the Mg-Fe system, which at normal conditions displays no 
stable compounds and even no miscibility, which we attribute to a small 
electronegativity difference (0.49 eV from our data). Under pressure, Mg becomes 
strongly electropositive, while Fe turns into a strong electron acceptor. At 200 GPa the 
electronegativity difference increases almost fivefold, to 2.22 eV, and numerous stable 
and strongly exothermic compounds appear (Fig. 3). Of these, MgFe is stable in the 
widest range of chemical potentials, and corresponds to the ideal situation of Mg 
donating two electrons and Fe accepting them to attain nickel-like electron 
configuration (particularly stable under pressure). Our predictions explain 
experimental observations26, who saw a great increase of miscibility in the Mg-Fe 
system at pressures above 100 GPa.  
 
Fig. 3. Thermodynamics of the Mg-Fe system at 200 GPa, displaying stable 
compounds Mg14Fe, Mg6Fe, Mg4Fe, Mg3Fe, Mg2Fe, Mg5Fe3, MgFe.  
 
IV. Conclusions 
Using a combination of analytical derivations and numerical calculations, we 
have systematically explored the variation of atomic chemical properties 
(electronegativity, chemical hardness, ionization potential, electron affinity) under 
pressure. In a general and systematic way we explain many observed and predicted 
high-pressure chemical anomalies. Atomic properties change in response to pressure 
because of the competition between increasing electron-nuclear attraction, increasing 
kinetic energy, and electronic core-valence repulsion. In the absence of orbital transfer, 
the electronegativity of most elements initially increases and then decreases with 
pressure, while chemical hardness decreases with pressure. For some 
low-electronegativity metals, the hardness displays a minimum at high pressure, 
indicating the tendency to form electride states. Orbital transfer, especially s-d transfer, 
rearranges the Periodic Table, giving Ni-group elements a “pseudo-noble-gas” 
character, while Fe- and Co-group elements acquire a tendency to be anions and Cu- 
and Zn-group elements become very active electropositive metals. Our work not only 
gives a systematic explanation of the known chemical anomalies, but allows to predict 
new chemical phenomena under pressure. 
 
METHODS 
Structure relaxations and enthalpy calculations were performed using density 
functional theory (DFT) within the Perdew-Burke-Ernzerhof (PBE) functional27 in the 
framework of the all-electron projector augmented wave (PAW) method28 as 
implemented in the VASP code29. We used a plane-wave kinetic energy cutoff of 
1000 eV, and the Brillouin zone was sampled with a resolution of 2π × 0.03 Å-1, 
which showed excellent convergence of the energy differences, stress tensors and 
structural parameters. Search for stable Mg-Fe compounds was performed with the 
USPEX code 30,31 using the PBE functional and VASP code.   
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Fig. S1. Electronegativity and chemical hardness at 50 GPa with and without 
inclusion of spin polarization. 
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Fig. S2. Electronegativity and chemical hardness as a function of nuclear charge at 0 
and 50 GPa. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S3. Comparison of results obtained using the He-matrix method and experimental 
data at zero pressure. (a) and (b) correlation between He-matrix method and 
experimental ionization (Ei) and affinity (Ea) energies, respectively. (c) correlation 
between He-matrix (blue) and experimental (red) Mulliken and Pauling 
electronegativities. Black line is a fit for the He-matrix Mulliken electronegativity (y 
= 2.27 x + 0.40).  (d) correlation between He-matrix (blue) and experimental (red) 
hardness and Pauling electronegativities.  
 
a  b
0 5 10 15 20 25
0
5
10
15
20
25
F
 
 
H
e 
m
at
rix
 E
i(e
V
)
experimental Ei (eV)
He
-1 0 1 2 3 4 5
-1
0
1
2
3
4
5
 
 
 
H
e 
m
at
rix
 E
a(e
V
)
experimental Ea (eV)
1.0 1.5 2.0 2.5 3.0 3.5 4.0
2
4
6
8
10
 
 
 Mulliken(He matrix)
 Mulliken(experimental)
 linear fit
M
ul
lik
en
 e
le
ct
ro
ne
ga
tiv
ity
(e
V
)
pauling electronegativity
c 
1.0 1.5 2.0 2.5 3.0 3.5 4.0
1
2
3
4
5
6
7
 hardness(He-matrix)
 hardness(experimental)
 linear fit
ha
rd
ne
ss
(e
V
)
pauling electronegativity(eV)
d
Table S1. Electronegativities of the elements H-Ba and Lu-Po at 0, 50, 200, 500 GPa. 
 
element 0 GPa 50 GPa 
200 
GPa 
500 
GPa 
element 0 GPa 50 GPa 
200 
GPa 500 GPa
H 7.43 10.41 9.95 9.27 Kr 7.15 8.08 7.26 6.27 
He 9.03 10.20 9.77 9.11 Rb 2.81 2.03 1.54 1.22 
Li 3.17 1.92 1.22 1.03 Sr 3.43 2.94 2.41 1.89 
Be 4.53 5.41 3.25 2.20 Y 3.55 3.42 2.94 2.45 
B 4.71 6.86 5.51 4.31 Zr 3.76 4.16 3.32 2.65 
C 6.80 9.67 8.58 7.35 Nb 4.02 5.07 4.09 3.14 
N 7.49 10.81 10.09 9.14 Mo 4.11 4.76 4.69 4.51 
O 7.92 11.82 11.51 10.88 Tc 4.17 5.35 5.18 4.89 
F 10.42 14.61 14.51 13.97 Ru 4.44 5.99 5.78 5.35 
Ne 8.67 10.09 9.66 8.96 Rh 4.48 7.31 7.28 6.99 
Na 3.08 1.79 0.77 0.59 Pd 5.02 6.98 5.72 5.23 
Mg 3.89 3.83 1.94 0.59 Ag 4.66 5.60 3.11 0.82 
Al 3.46 4.24 2.19 1.22 Cd 4.28 5.02 3.25 1.66 
Si 5.16 6.88 4.84 2.91 In 3.08 4.00 2.05 1.06 
P 5.81 8.11 6.40 4.61 Sn 4.43 5.91 3.72 1.70 
S 6.42 9.40 8.06 6.44 Sb 5.05 6.91 4.94 3.05 
Cl 8.48 11.95 10.86 9.33 Te 5.53 7.91 6.14 4.24 
Ar 7.70 8.73 7.89 6.85 I 7.04 9.82 8.17 6.16 
K 2.12 1.97 1.73 1.52 Xe 6.27 7.56 6.85 6.03 
Ca 3.34 2.69 2.38 2.05 Cs 1.76 1.88 1.59 1.17 
Sc 3.56 2.83 2.70 2.42 Ba 2.94 3.30 2.72 2.00 
Ti 3.68 3.62 3.17 2.77 Lu 2.82 3.38 3.03 2.69 
V 3.86 4.28 3.54 3.40 Hf 3.79 3.74 3.22 2.67 
Cr 3.90 3.30 3.34 3.32 Ta 4.25 5.64 3.68 2.86 
Mn 3.72 4.31 3.78 3.72 W 4.79 5.19 4.62 4.10 
Fe 4.38 4.17 4.16 4.05 Re 4.19 6.25 5.11 4.67 
Co 4.57 5.14 5.23 5.20 Os 5.11 6.25 5.67 5.17 
Ni 4.77 5.89 4.73 4.49 Ir 5.51 7.29 7.06 6.60 
Cu 4.92 5.86 3.41 1.20 Pt 5.87 7.92 6.60 5.19 
Zn 4.60 5.44 3.81 2.34 Au 5.98 7.66 5.41 2.97 
Ga 3.52 4.47 2.67 1.65 Hg 5.10 6.29 4.84 3.51 
Ge 4.97 6.63 4.71 2.86 Tl 2.89 3.93 2.08 1.12 
As 5.68 7.86 6.29 4.69 Pb 4.21 5.67 3.57 1.62 
Se 6.13 8.88 7.50 5.92 Bi 4.79 6.60 4.70 2.82 
Br 7.88 11.10 9.89 8.30 Po 5.28 7.53 5.82 3.96 
 
Table S2. Chemical hardnesses of the elements H-Ba and Lu-Po at 50, 200, 500 GPa. 
 
element 0 Gpa 50 GPa 
200 
GPa 
500 
GPa element 0 Gpa
50 
GPa 
200 
GPa 500 GPa
H 6.21 5.22 4.67 4.16 Kr 7.01 8.17 7.43 6.54 
He 9.03 10.20 9.77 9.11 Rb 1.41 1.53 1.31 1.18 
Li 2.23 1.43 1.21 1.21 Sr 2.73 2.21 1.86 1.39 
Be 4.59 3.43 1.76 1.37 Y 2.88 1.64 1.61 1.50 
B 3.80 2.71 2.23 1.84 Zr 2.80 1.89 2.30 2.06 
C 4.68 3.33 2.75 2.30 Nb 2.82 3.63 1.80 1.62 
N 7.06 5.53 4.73 4.03 Mo 3.10 2.20 1.95 1.80 
O 5.55 3.93 3.24 2.72 Tc 3.01 3.11 2.93 2.80 
F 6.14 4.10 3.27 2.67 Ru 2.97 2.67 2.32 2.00 
Ne 9.06 10.20 9.85 9.26 Rh 2.97 2.94 2.56 2.22 
Na 2.06 1.29 1.16 1.19 Pd 3.63 4.61 5.55 5.46 
Mg 3.98 3.18 1.69 1.17 Ag 2.92 1.89 1.44 1.10 
Al 2.60 1.68 1.36 1.23 Cd 4.68 4.26 3.21 1.94 
Si 3.28 2.10 1.66 1.35 In 2.40 1.60 1.34 1.21 
P 4.73 3.50 2.86 2.21 Sn 2.87 1.81 1.45 1.26 
S 3.83 2.55 2.04 1.66 Sb 3.91 2.84 2.25 1.60 
Cl 4.47 2.92 2.32 1.88 Te 3.14 2.05 1.63 1.37 
Ar 7.74 8.95 8.27 7.41 I 3.46 2.26 1.78 1.45 
K 2.27 1.67 1.53 1.35 Xe 6.57 7.23 6.39 5.43 
Ca 3.15 2.38 2.12 1.78 Cs 1.80 2.05 1.26 1.20 
Sc 2.80 2.14 1.59 1.68 Ba 2.58 2.28 1.71 1.29 
Ti 2.75 2.43 2.12 2.30 Lu 1.35 1.50 1.61 1.54 
V 2.91 2.86 3.00 1.88 Hf 3.61 2.35 2.28 2.02 
Cr 3.13 2.24 2.08 1.93 Ta 3.10 2.33 1.78 1.53 
Mn 3.57 2.63 3.05 2.93 W 3.47 2.70 1.83 1.71 
Fe 3.30 2.77 2.53 2.29 Re 3.72 2.33 2.80 2.56 
Co 3.30 3.02 2.77 2.53 Os 3.38 2.22 2.11 1.82 
Ni 3.10 3.45 4.56 4.65 Ir 3.42 2.70 2.32 2.00 
Cu 3.16 2.02 1.57 1.09 Pt 3.33 3.48 4.29 4.97 
Zn 5.05 4.51 3.41 2.14 Au 3.30 2.03 1.59 1.25 
Ga 2.44 1.77 1.44 1.28 Hg 5.55 5.19 4.29 3.12 
Ge 3.06 2.06 1.65 1.36 Tl 2.34 1.59 1.33 1.21 
As 4.39 3.28 2.67 2.04 Pb 2.76 1.77 1.42 1.25 
Se 3.53 2.35 1.88 1.55 Bi 3.70 2.72 2.13 1.48 
Br 4.03 2.63 2.09 1.70 Po 2.97 1.96 1.56 1.33 
 
